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Abstract 

This work uses room temperature X-ray diffraction and electron microscopy to investigate the effect of CO, laser treatments 
(800-2000 W, 10-15 s) on phase transformations and microstructural modification of sintered (1600 °C, 4 h) disks A Z C 
(where A, Z and C denote A1 2 0 3 , ZrO z and Ce0 2 respectively, and the subscripts represent molar ratios). Laser treatmentsunder 
these conditions caused melting and more or less sublimation of all the samples; subsequent solidification and condension 
(predominant for Ce0 2 -rich composition) resulted in different microstructures between the samples. Dendritic and cellular domain 
structures due both to eutectic growth of a-Al 2 0 3 and ZrO 2 -Ce0 2 solid solution were found in specimens A 30 Z 63 C 7 and 
A70Z27C3 respectively. In the Ce0 2 -rich specimen A 40 Z 12 C 48 a drastic effect of condensation caused dendritic clusters of CeO, 
cubes (fluorite structure with minor amount of ZrG 2 and AU0 3 in solid solution) which overlaid on an AUO,-rich matrix 2 
predominantly CeAl0 3 . Condensation through a rapidly solidifying liquid caused incorporation of AI,0 3 in the fluorite structure 
and hence deviation from the octahedral shape predicted by the periodic bond chain model. Solute (Al 7 O v ) trapping also 
suppressed the martensitic transformation of tetragonal (t-) to monoclinic (m-) Zr0 2 as manifested by the dendritic t-Zr0 2 cooled 
from the AI 2 0 3 -Zr0 2 eutectic. Laser treatment increased the Ce 2 + /Ce 4+ ratio and hence darkened the samples. 

Keywords: Microstructure; Laser treatment; AU0 3 r-Zr0 2 -Ce0 2 composites 



1. Introduction 

The C0 2 laser provides a powprful heat source for 
surface and/or microstructural modifications of zirco- 
nia-bearing ceramics used for thermal barrier coatings 
(TBCs) [1-4]. Upon melting, the coating compositions 
determine the proportions of the liquid and vapor 
phases, and hence the subsequent solidification and/or 
condensation behavior. Little is known in this aspect 
for partially stabilized zirconia (PSZ) and zirconia dis- 
persed ceramic (ZDC), which have been extensively 
studied near equilibrium conditions [5-7]. 

Under equilibrium, it has been quite well established 
that PSZ has considerable solid -solubility, and hence 
tetragonal (t-) Zr0 2 precipitates coherently from the 
cubic (c-) Zr0 2 matrix [6], whereas for ZDCs such as 
Zr0 2 -AI 2 0 3 , the solubility is rather limited and hence 
a composite with incoherent interface is obtained [7]. 

When deviation from equilibrium occurs, as in the 
case of laser remelting, several points need to be 
clarified for PSZs and ZDCs. These are: (1) a possible 
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widening of the solid solubility, which affects phase 
trnsformations of the Zr0 2 ; (2) the effect of departure 
from eutectic composition on the microstructures of the 
rapidly solidified composites; (3) suitable compositions 
for a drastic condensation process which modify the 
surface of the composites; (4) color change due to 
transition metal oxide added as a stabilizer of Zr0 2 . In 
this connection the results of recent studies are interest- 
ing, which indicated that addition of alumina during 
the laser surface melting process led to controlled 
microcracking and produced a surface alumina- 
zirconia eutectic, beneficial both to the strength[8] and 
the chemical resistance [9]. 

To meet the above interests, binary compositions of 
AI 2 0 3 -Zr0 2 and Zr0 2 -Ce0 2 , and ternary composi- 
tions of Al 2 0 3 -Zr0 2 -Ce0 2 were selected for this 
study. The reasons for choosing this system are: (I) 
both PSZs and ZDCs are involved; (2) sufficient data 
about phase equilibria are available [10-12]; (3) there is 
rather a limited solid solubility in the Al 2 0 3 -Zr0 2 
system [11], i.e. it is suitable for testing the possible 
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Table I 

Laser parameters and resultant phases of samples 



Laser treatments 


A W Z, 


1-5 kW, 10s 




1.5 kW, 10s 




2 kVV, 15 s 


A.Z, 


1-5 kW, 10s 


Z,C, 


1.2 kW, 30 s 




2kW, 10 s 


Z,C„ 


2kW\ 10 s 




1.5 kW, 15 s 


2 6 C 4 


1.5 kW, 10s 


^7()Z>7 Cj 


1.5 kW, 10s 




2kW, 10s 


A.io 2 6 , C 7 


1.5 kW, 10 s 




2 kW. 10 s 




0.8 kW. 20 s 



Phases* 



x-AUO, 

a-AI 2 0, 
a-AUO, 

m-ZrO-, , 
m-ZrO,. 
CeO, s!s 
Ce0 2 s.s. 
CeG, s.s. 
>-AI 2 Oj. 
2-AKO.,, 

*-Al 2 O x , 
CeAIO, 



m-Zr0 2 

m-ZrO,. t-ZrO, 
. m-ZrO,, r-ZrCK 
. m-ZrO> 
t-Zr0 2 " 
t-ZrO, 
c CeO, 



. m-ZrO,. t-ZrO, 
, m-ZrO, t t-Zr0 2 
m-Zr0 2 . t-Zr0 2 
m-ZrO,. t-ZrO~ 
CeO, s.s. 



» Identified by XRD (other phases may exist in trace amount) 

tutectic compositions. 
c CeO, s.s. denotes extensive solid solution with ZrO,; other phases 
also form solid solution but to a lesser extent. 

widening of solid solubility upon rapid solidification- 

(4) the ratio of Ce 3 - to Ce*- and hence the color 
change is sensitive to composition and temperature [13]- 

(5) a considerable amount of vapor is expected for 
Ce0 2 -nch compositions upon laser melting. 



2. Experimental 

Table 1 lists the compositions of samples A 2 C 
where A, Z and C denote AI 2 0 3 , ZrO, and CeO,' 
respectively, and the subscripts represent molar ratios" 
Powders of A1 2 0 3 (Elecmat 99.99% pure, < I urn in 
size), ZrO, (Cerac 99.9% pure, < 325 mesh) and CeO, 
(Cerac 99.9% pure, < 325 mesh) in selected ratios were 
bail-milled (Al 2 0 3 ) to prepare mixture patches ^0.8- 
1.1 g in weight and dry pressed at 100 MPa into disks 
=s 10 mm in diameter and 3 mm in thickness. All speci- 
mens were sintered at 1600 °C for 4 h and cooled in an 
open-air furnace. The cooling from 1600 °C to 1200 °C 
took about 10 min. The sintered disks were then sub- 
jected to OViaser (PRC, FH-3000, 10.6 nm wave- 
length, beam mode TEM 00 _ ni .) treatments in a range 
of power input (800-2000 W) and time period (10- 
30 s) as shown in Table 1. A copper slab (a good 
reflector with respect to the laser beam) with a hemi- 
spherical hole ^ 20 mm in diameter was used to hold 
the samples, which became more or less spheroid dur- 
ing laser treatments. Subsequent cooling of the samples 
to below incandescence took seconds. It was noted that 
preheating at a lower power input than the set value 
was required especially for CeO,-rich specimens to 
avoid flipping of the sample disks. 

The sintered or laser-treated specimens were pulver- 
ized and studied by X-ray diffract ometer (Cu Ka, 



35 kV, 25 mA, step scanning from 20° to 80° at 0 05° 
increment and 2 s per step) to identify the phases Step 
scanning from 71° to 77° at 0.02° increment and 169 s 
per step was also adopted to identify the {400} of 
t-ZrO, and/or c-ZrO, phase in samples of eutectic 
Al 2 O,-Zr0 2 composition. The content of m- relative 
to c- and/or t-ZrO, was estimated from {JJI} pea ks 
following the method of Ref. [14]. Scanning electron 
microscopy (SEM, JEOL6400 at 20 kV and JSM35CF 
at 25 kV) was used to study the sections or free surfaces 
of the laser-treated specimens. Backscattered electron 
imaging (BEI) coupled with energy dispersive X-ray 
(EDX) analysis were used to show the qualitative com- 
position of the individual phases. 

1 i 

3. Results 

3.1. Color and shape change 

In the as-sintered condition, the CeO,-free specimens 
were white in color, but those with CeO, appeared 
orange. Upon laser irradiation the latter" generally 
melted at a lower power input (< 1000 W) than the 
former. After laser treatment, the former remained 
white and the shape became more or less spheroidal 
whereas the latter changed to dark color and the shape 
became irregular. The color revived when the specimens 
were subjected to further heating (8 h at 1000 °C) in an 
open-air furnace. 

The sintered samples were vaporized to a varied 
extent upon laser irradiation. Vaporization was dra- 
matic for the Ce0 2 -rich samples: for example, in 
A 40 Z I2 C 48 , the vapor that has been trapped in the early 
condensed and/or solidified matter erupted to form 
openings and fissures. The irregular shape of the CeO,- 
nch samples and their faceted crystal clusters as shown 
later were caused predominantly by this vapor phase. 

3.2. Solid solution and phase assemblages 

X-ray diffraction (XRD) indicated that the phase 
assemblages of the sintered specimens are in accord 
with the 1600*C isotherm of Ref. [12] (Fig. 1), but the 
equilibrium t-Zr0 2 in the Zr0 2 -Al 2 0, binary trans- 
formed into m-ZrO, upon cooling. In general, laser 
melting usually produced a solid solution among the 
oxides, according the EDX analyses. Considerable solid 
solution of foreign cations in zirconia caused a smaller 
d-spacing than that of pure ZrO,. On the other hand, 
the incorporation of impurities was rather limited in 
A1 2 0 3 as indicated by its having nearly the same d- 
spaemgs as a-Al 2 0 3 . In Table 1, the laser parameters 
and resultant phases of the various specimens are com- 
piled. Laser treatments significantly modified the phase 
assemblages of some specimens, as shown below. 
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Al 2 0 3 




CeQ 2 cubic 5 & Mol % 



tet. s.s. 



ZrO. 



Fig. I.. AUO, -ZrOi -Ce0 3 phase diagram at 1600 °C. after Ref. 
[I2J, Solid circles represent compositions studied in this work. 

The A x Z y specimens subjected to laser treatments 
contain a.-Al 2 0 3 (corundum structure) and Zr0 2 , 
which appeared as m- and t-symmetry for eutectic 
composition A 62 Z 38 (Fig. 2(a)), but as m-Zr0 2 for other 
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(c) 012 f04 
110 
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02/. 
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70 



50 

29 Cuk* 

Fig. 2. XRD traces of A V Z V specimens treated by laser: (a) A 6 ,Z 18 , 
2kW for 10s; (b) A.Z,, 1.5 kW for 10s; (c)*A 99 Z,, l.5kW for'lOs. 
Notation: a, t and m are ar-AUOj,. 1-ZrOi and m-Zr0 2 . respectively. 



Table 2 

{111} d-spacings (in nm) of zirconia and percentage 5 * of t-ZrO, for 
sample A 62 Z, S 



Conditions 


HIT) m-ZrO, 


(HI) t-ZrO, 


% of t-ZrO_, 


As sintered 


0.3170 


Not observed 


Null 


Laser treated, 


0.3152 


0.2954 


14 


1.5 kW, 10s 






i 


Laser treated. 


0.3156 


0.2955 


14 


2kW, 15 s 









u Following the method of Ref. [14) 

compositions (Figs. 2(b) and 2(c)). It should be noted 
that the as-sintered A 62 Z 38 specimen contained m-, not 
t-Zr0 2 : thus laser melting of the eutectic had stabilized 
t-Zr0 2 , ^14% according to XRD (Table 2)1 Laser 
melting also caused a smaller d-spacing of m-ZrO,. 

As for the Z P C. specimens treated by laser, ceria 
with zirconia in solid solution (designated as Ce0 2 s.s. 
or Css) were identified by XRD (Fig. 3). The zirconia- 
rich specimen Z<,C, contains t- and m-Zr0 2 according 
to {111} (Fig. 3(a)) and {400} peaks (by step scanning, 
not shown). The Ce0 2 s.s. has a cubic fluorite structure 
whose d-spacing increases with Ce0 2 content (Figs. 
3(b)-(d)). It should be noted that an additional cubic 
fluorite phase with a much larger cell volume (viz. 




50 70 
29Cuk< 

Fig. 3. XRD traces of A V Z,. specimens treated by laser: (a) ZgC,, 
2kWfor 10s: (b) Z 76 C 24 . 1.5 kW for 10s: (c) Z 6 C 4 . 1.5kWfor 10s: 
fd) Z 2 C 8 , 2 kW for 10 s. Notation: Css and C are CeO. s.s. and CeO, 
respectively. 



BNSDOCID: <XP 21 66991 A_L> 



256 




Z-H. Chen e, al. , M alerials Scimce „„,, B , gine „ inl; Am (ms) , f ? ^ 



ceria-rich designated as C phase) appeared for ,he 
^i?3?S)) When laser - ,reated 2kW for 10 s 

the In zfo 0 r;n r02 ",? 03 , Specimens treated b y 

the Zr0 2 -CeO ? sohd solution always appeared; the 
*-Al 2 0, remained in specimens A 7 f 

CeO L f A"^ 7 ( " 0t Sh ° Wn) - but reac ted with 
Ce0 2 to form CeAlO, in specimen A 4(> Z n C JK (Fie 4) 
As for the identity of the fiuorite phase, he a t spec -' 
men contams predominantly Ce0 2 s.s.. wheia P the 
former two contam m-ZrO, and t-ZrO, 
m C \*?F ° f thC ' aSer P aram eters (1000-2000 W 10- 
nh»i "u, CaUSC Hn a PP reci «b'e deviation of the 
phase assemblages, the d-spacings of ZrO, or the frac- 
non of tn-ZrO, in total Z r0 2 . as shown by specimens 
A W Z, 8 , A 70 Z, 7 C,, A.,„Z ft ,C 7 or Z 9 C, (Table 1). 

3.3. Microstructiirt's 
Dendrites were recognized in the backscattered elec 

treatment. In areas adjacent to the copper holder the 
denies were finer with primary dendrites al gned 
S2 3 ^ the temperature gradient. BE cou- 
pled wnh EDX analys,s indicated that the dendrites 
consisted of bright ZrO, and/or CeO, arms in the da rk 
matnx of Al-rich phase (AUO } and/or CeA To ) whS 
were m Cre or |ess m so|id « 

mens "a ™ ^icted be.ow f or j£ 

represent off-eutect.c, near-eutectic and CeO, -rich com- 
P^ons respectively, all in the two-phase region of the 
iutectic H S ° therm P 1 - In gCnera1 ' the Writes and 

oped at t°ZZ S ° f thCSe Spedmens were be " er 
opea at a higher power input. 



3.3.1. Off-eateaic 

Near the edge of the specimen A, 0 Z„C 7 ZrO ss 
formed nonfaceted dendrites in the Al,o\- c f matrix 
and the pr.mary arms of dendrites extended Jund ds 
of m.crometres mwards (Fig. 5(a)). I„ the interio of 
the specmen. broken bu, coarser ZrO, arms were 

two-phase eutect.c texture consisting also of nonfaceL 
ZrO, m a matnx of AKO, was recognized (Fig Jc)) 
3.3.2. Eu tec tic 

The eutectic texture of ZrO. ss in Al O ™t • 

S ,ze were we . developed.,,, ,he i,„erior of ,hi"~°E 
(F.g. 6(b),. ]„ ,„e individual domains. AI.O. S or 




Fig. 5. SEM images (BEI) of specimen A 7 r . j L . 
(2 kW for 10 s) showing: (a nonface.TdZrO '7V a ' V? ,led 1 > laser 

■exture in ,he interior of the specimen ' M ™ 
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rods were surrounded by Zr0 2 s.s. rims or vice versa 
(Fig. 6(c)). The cells of the eutectic domain were similar 
when formed under a lower power input (1.5 kW and 
10 s). It is noteworthy that the interphase interface is 
nonfaceted in both the side view (Figs. 6(a)-6(c)) and 
the head-on view (Fig. 6(d)). 

i • 
3.3.3. Ce0 2 -rich composition 

BET of the interior of the specimen A 4I) Z, 2 C 48 (Fig. 
7(a)) revealed broken arms of nonfaceted Ce0 2 -ZrO, 
s.s. (bright) and faceted CeAlO^ (grey). Near the fissure 
or opening of the specimens where vapor was emitted, 
skeletal dendrites consisting of Ce0 2 cubes were recog- 
nized (Fig. 7(b)). Secondary electron imaging (SEI) 
revealed the surface of the cubes in detail (Fig. 8). The 
cubes when magnified and tilted to near < 1 1 1 > orienta- 
tion appeared to be smooth on {100} at the scale of 
micrometres, except for the local area marked with an 
arrow (Fig. 8). SEI of the same composition but treated 
at a higher power input (2 kW) revealed Ce0 2 cubes in 
colonies, and the individual cubes preferentially grew at 
their corners and edges (Fig. 9). Each crystal colony 
resembles the classical dendrite, but more isometric and 
skeletal. Note that these Ce0 2 cubes preferentially 
aligned along <200> regardless of the power input 
adopted. EDX analysis indicated that, the CeO-> cubes 
contain less Al than CeA10 3 . 



4. Discussion 

4.1. Color change due to Ce0 2 

A solid solution of Zr0 2 -CeO 2 [15,16] or U0 2 - 
Ce0 2 [17J changed to a dark color by various processes 
at high temperatures where a considerable amount of 
Ce + is stable. In the solid solution of Zr6 2 -CeO 
(where x denotes deviation from 2), the Ce 3 + content is 
the largest ( ^ 66% Ce 3 -/(Ce 3 + + Ce 4 + )) for a compo- 
sition with %30mol.% CeO v [13]. The Ce 3 + could be 
co-mtroduced with oxygen vacancies by the following 
equation [18]: "' '! ". 



2Ce CcV + 0 0 . v — 2Ce Cc , + V, 



I 



00-.+ — (g) 



(1) 



where the Kroger- Vink notation is adopted [19] The 
partially filled filled f shells of Ce 3 + account for the 
color change in various minerals [20] and may be 
extended to the present Ce0 2 -bearing specimens. This 
suggestion is supported by the fact that the color 
change is more marked for specimens Z 74 C, 4 and 
Z 6 C 4 than Z 2 C 8 , whose Ce 3+ content, i.e. "Ce 3 */ 
(Ce 3+ -f-Ce 4 + ), are about 65, 62 and 38% respectively 
at high temperatures [13]. Further evidence of the role 
of Ce 3 + in the color change is the color revival upon 
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^^ S foM™^ S 0 ^ n E " a 0 [^« A*2 IlCa treated . 
«■ (bngh,, dendritcs ,n * " "°^ a «<«* iso.a,ed CeO, -2 r o 

transition metai oxi^L^l^ E ?" ^ 
C«0 2 to modify colors of „? mm0n,y redu ced by 
negligible in the D «l„? ?' aSS cers »mics pn Wei 4 

A <0 2, 2 C 48 remained dark w£en Specime " 

When sub Ject to further heat- 




J,,2,2C -« ,rea,ed !>y Jaser ,2kW for ,o $ , ^ ° f 
'ng at 1000 °C for s h • ' 



4 ' 2 " Forma *»> °f CeO* cubes 



■>S- 8 SEM image (SEI) of rvn 



Supersaturation of vann™ • 
important driving force for he^nT ° f is the 

f22J where r, representing t!™ ° ndens ™on of metals 
reach 1 Torr and T t th? l ? mperalu * for vapor to 
W value of rffJ^^f^T- In genera 
«ud,ed [22J) is required^r a ~co h ^ m ° St met a/s 
This consideration appeared to h C ° ndensat, '° n Process, 
cubes , n view of the s^? be applicable to CeO 
rich composition n 3, a " H h eV ?° rat,0n of CeO - 
slight amount of A/ O ?! faCt ,hat Ce <>' with a 
a/ the free surface of L 5—0 ° " ' ndeed ror med 
Jeletai crystals have been LS^? ^ Z " C - The 
°f crystal growth from the E u° be cha ™cteris, ic 
"ons from equilibrium [23, A VI ^IV" high devia - 
note vapor, I iquid and l f \ . * ^(abbreviations de- 
24,25], bu, with a small we ST'^ "danism 
am °" nt of "quid to avoid ^wh sk e f- an ? e ° r 3 ,ar S e 

f-s were S d /° «■« w , h { 

observed previously for CeS I V ' ' 1 } oc tahedron 
predicted by the periodic bf /"/^ a fll " P6J or 
f27,28J. According t^JliSj ^ n ( PB Q model 
Jjjctoe belongs to F^^ { " J > ft»*e 
p BCs, and therefore has the ? 6 m ° re tha " two 
whereas {100} belongs to K ^ SUrface energy. 
Deviation of crystal for^ ^ " Wnich hav e no PBC 
gained by ££^«£ prediction can be 
energy of individual a oml S attachment 
"ties may also enhance ma S, P , respnce of im P«i- 
and edges of growi la ' s «PP'y to the corners 

afon in these areas *> and preferential nucle- 

crystals) is considered to be nrfn *.°™ cha "«er' of the 
growth [29]. It remains to iT . *? factor in sfce '*«" 
wh,ch dissolves sii g hT ln ° c b / 0 C,anned whe ther A1-. 

CeO, does indeed affect the 



Z-H. a,e„ e, a, , Malerials Sa , nre md Bigineering Am (ms) 2s3 26o 



growth behavior. Further study of the shaoe of rvn 259 

crystal condensed directly from bor j 2 possible composition sdi'Icp r»r 

may shed light on this point vapors are re , e van, to a ZZ taping 

4.3. A^O^stabilized t-Zr0 2 4 ' 4 ' Im pHcaiions 



enough lo stabiliae c- and/or . Zrfl ' ot 

lure, as shown by ,hc Z £L 'I fl " '° om ,em I*™- 
melons and rapid' sou£S„ 

fCN) of R hv Ai3 + a coord >nation number 

Sun, of Zr0 nlth • '° ^ a 

; .J- • solid so ,„ ti „„ „f aSTO -CeoTa 
also caused a smaller cell volume, in accordkoce with , 
sma er cat on of AI 3 + ,u ■ vu,Udnce w »n a 

(Table 3) 30 ,he CaUons of Zr °r Ce 

« excluded, for ure^'.^^'S 

l.qu.d mterface of a rapidly so!idirying alloy LVmav 
account for the widening of the solid solubility oHhe 
a mic materials. It should be noted, however that 
, ?0° \fu and/ ° r C l did diffUSC si S-ncantly iu'to fhe 
.nalv.S.1 SUCh 3 prOCess - Furt »er study by 

.'nalyfcal electron microscopy is required to idcntny . 



demonstrated ^ in^thf " be accor "P^hed as 

^""a™»y~iy«™ lly „ niu p mi ^ sl ° r A a u ^;-»« l ~' 

Pie, a controlled microcraclcing and a surra"! ,° 

z°£St has d be r fou " d "° * Ssrs 

dendSU 8 ; rtdSs^fs-ss 1 Thc 

5, Conclusions 



Tabic 3 

■^dii- ofdementa incoordination numbers of 8 and 6 



Elements 



Ionic radius 
(nm) 



Misfit with respect to Zr 4 + 



2r 4 * (8)t» 
CV* (8) 
(8) 

O'- (6) 
-V* (6) 
M 1 ' (6) 



. 0.084 
0.U43 
6.097 
0.072 
0.J0I 
0.087 
0.0535 



Null 

36% 
+ 15% 
Null 
+ 40% 
+ 21% 
-26% 



* After Shannon (31). ~ ~~~ 

h Numbers in parentheses are coordination numbers. 



la^^ studies of 

nated as A 7 r if 2 7 ° 2 com P°sites (desig- 
ZrO and rio ' Z Hnd C denote A, *°* 

(2) Dendritic and cellular domain structures both 

SETS? orAlj °' and ^-oS. 55 

.ui 3, whh"m!!, iC C "' S, " S ° rCa °" CUbes '=•"'»"" «™>- 
4^Tc^l£? Z T ^ 

Scfj„r; sofs h o " difi ? i °™"^ 

face kinet.cs such as the interaction of defects and 

f4) Rant r^ 65 rathCr than oc <ahedrons. 
ZrO if»- P so ! ,dlficatl °" c ^sed Al 2 0 3 trapping in the 
ZrO, Iatt.ce and hence stabilization of the t-zk) fpLse 
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(5) Laser treatment increased the Ce 3+ tn rv« + 
rat.o and hence darkened the specimens: ^ 
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